death effect is typical for antibacterials that inhibit prokaryote translation, like azithromycin, clindamycin or doxycycline (4, 6, 7, 12, 16) .
Several new antibiotics are currently in clinical use to particularly combat infections of gram-positive bacteria like Staphylococcus aureus, Streptococcus pneumoniae or
Enterococcus faecium (1) . These include the streptogramin combination drug quinupristindalfopristin, the ketolide telithromycin and the oxazolidinone linezolid. All three drugs target the bacterial ribosome (1, 5) , and a possible activity on the apicoplast protein synthesis of the malaria parasite could therefore be anticipated. Antibiotics are often applied to treat bacterial co-infections in patients suffering from malaria, and the use of antibiotics with an antiplasmodial effect would therefore represent an additional advantage in malaria therapy.
Coherently, the aim of this study was to investigate the antimalarial effect of quinupristindalfopristin, telithromycin and linezolid and to determine their possible cellular targets.
The compounds were screened on the human malaria pathogen Plasmodium falciparum at concentrations between 1 nM -100 µM. Synchronized ring stages of P. falciparum strain 3D7 were plated in 96-well-plates at a parasitemia of 1%, in the presence of azithromycin, quinupristin-dalfopristin or telithromycin (dissolved in dimethyl sulfoxide, DMSO), or of doxycycline or linezolid (dissolved in water). Incubation of parasites with DMSO alone at a concentration of 0.5% vol. was used as a negative control. The parasites were cultivated in vitro as described (14) , with a medium change at day three of the assay.
Four incubation periods, 48 h, 72 h, 96 h and 120 h, were investigated. The viability of the parasites was screened subsequently using the Malstat assay, which measures the activity of the Plasmodium-specific enzyme lactate dehydrogenase (CAS: 9001-60-9), as described (13, 17, 18) .
Malstat screening revealed an inhibition of parasite growth in cultures that were incubated with either quinupristin-dalfopristin or telithromycin; however, no inhibition was detected, when parasites were cultured in the presence of linezolid at any of the investigated
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on September 23, 2017 by guest http://aac.asm.org/ Downloaded from time points (Table 1) . Treatment with doxycycline and azithromycin, which were used as positive controls, resulted in parasite growth inhibition with a 10-fold decrease in the values for 50% inhibitory concentrations (IC 50 ) after 96 h compared to 48 h of incubation time (Table 1) . These data reflect the typical delayed death effect previously described for these antibiotics (6, 7, 29) . A similar delayed death effect was observed in parasites treated with quinupristin-dalfopristin or telithromycin, which was also reflected in a more than 10-fold decrease in IC 50 values during the second replication cycle for both antibiotics (Table 1) . No inhibition of parasite growth was detected in cultures treated with linezolid (Table 1 ). Doxycycline and azithromycin were previously reported to promote a developmental arrest of P. falciparum during the second replication cycle, where parasites initiated schizogony, but failed to form mature schizonts (6, 7, 29) . To investigate, if a similar developmental halt is occurring in parasites treated with quinupristin-dalfopristin or telithromycin, Giemsa smears of cultures that were incubated with the antibiotics at their IC 50 (96 h) values were prepared. The developmental stages were then counted at the four time points of investigation. In parasites treated with telithromycin and particularly with quinupristin-dalfopristin, a delay of about 5-10 h in the first replication cycle was observed (Fig. 1A) . The parasites were subsequently arrested in the second replication cycle. While developmental arrest for doxycyline-treated and azithromycin-treated parasites was mostly observed in the transition from early to mature schizont stages (Fig. 1A ), parasites treated with either quinupristin-dalfopristin or telithromycin stopped their development predominantly in the transition from the late trophozoite to the early schizont stages (Fig. 1A) .
The exact stage of arrest was further investigated by transmission electron microscopy.
Parasite cultures were again incubated with the antibiotics at their IC 50 (96 h) values and then collected at 96 h of drug treatment. The specimens were fixed in 1% glutaraldehyde and 4% paraformaldehyde in PBS and processed for electron microscopy, as has been described (22).
While untreated parasites had either formed mature rupturing schizonts ( developed to ring stages (data not shown), drug-treated parasites had stopped their development at the schizont stages and exhibited abnormal morphologies. For doxycyclinetreated and azithromycin-treated parasites, an arrest was mostly observed in schizonts that had formed multiple nuclei. Telithromycin-treated parasites, on the other hand, were predominantly arrested in a stage, where only two nuclei are present (Fig. 1B) . Schizonts treated with any of the four drugs usually showed vacuolization. This was particularly distinctive after treatment with quinupristin-dalfopristin, where no nucleus division were distinguishable in the majority of arrested parasites (Fig. 1B) .
The antimalarial effect of antibiotics was described for the first time more than 50 years ago (15) . Their mode of action has been attributed to the interference with the parasite mitochondrion and apicoplast, but only recently has the immediate and delayed death effect of selected antibacterials been studied in more detail. The antibiotic thiostrepton was reported to target the apicoplast and kill parasites immediately by blocking trophozoite development during the first asexual cycle (12) . A delayed death effect, on the other hand, was reported for antibiotics, like azithromycin, clindamycin or the tetracylines, by interfering with the apicoplast (4, 6, 7, 12, 29) . Here, the inhibition of the apicoplast translation machinery results in the distribution of non-functional apicoplasts into daughter merozoites, arresting the schizont during maturation (7). The apicoplast is proposed to be involved in the formation of daughter cell plasma membranes via type II fatty acid synthesis, which would only be effective in the second cycle (7). Clindamycin is also assumed to target the apicoplast, leading to failed cytokinesis during the second replication cycle (12) . The delayed death effect of clindamycin was additionally demonstrated in vivo in adult patients, with a decline of asexual parasite numbers to nearly undetectable levels after 72 h of treatment (4).
Contradictory results were presented for the antibiotics rifampin and ciprofloxicin, though, which were reported to either cause delayed death or kill the parasite immediately (6, 7, 12, 24) . 

